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(U)  /■Avluation  of  the  llartMMm  Missile  Sn^-rk  llnvinmmcnt  During 
Kjectioii  l-aunvli  hy  Aircraft  /.aunchen,  by  Allan  G.  I'iorsnl,  Bolt  Butcnck 
and  Newman  Iik.  China  Lake.  Calif.,  Naval  Wca|x>ns  >',;i,icr,  h'ebriiary  l‘>77 . 
ri'  ,S8« I.  publication  UNCLAS.SIFIliD.,1 

series  of  ground  launch  ejcciicns  of  a Hari>oon  missile  were 
performed  to  establish  and  evaluate  the  llarpoon  ejection  shock  environ- 
ment. Tlie  acceleration  lesponse  of  the  missile  was  measured  at  .10  locations 
during  various  ejections  from  an  MAU-9A/A  and  an  Acro-7A-l  ruck.  Fire 
data  were  reduced  to  acceleration  shuck  spectra  covering  a frequency  range 
from  100  to  10  000  llz,  The  results  of  the  study  produced  considerable 
information  concerning  launch  ejection  shock  environments  of  general 
interest. yFor  example,  the  shock  spectra  of  the  response  at  all  locations 
typically  displayed  a sharp  iiwrease  ii\  level  in  the  rroquency  ruitge  around 
HtXIII/.  which  .s  well  above  the  estirna' .’d  frequency  of  the  first  llexural 
hoop  mode  of  the  missile  shell.  This  fro(|uency  appenis  to  be  a significant 
dividing  line  for  various  other  response  characteristics.  Increasing  the  clear- 
ance between  the  ejector  foot  and  missile  increased  the  response  shock 
spectrum  levels  at  ‘‘requencies  above  800  H/.,  but  did  not  significantly 
increase  the  levels  at  lower  frequencies.  On  the  other  hand,  th'’  response 
levels  along  the  throe  orthogonal  axes  were  not  significantly  dnrerent,  on 
the  average,  at  freriuencies  below  800  Hz,  but  were  significantly  different  at 
the  higher  Irequencies,  with  the  highest  response  occurring  in  the  vertical 
direction  and  the  lowest  in  the  axial  direction.  Tliere  was  no  significant 
difference  in  the  missile  response  during  ejections  front  'he  MAU-9A/A  and 
Aero-7A-l  rack,  However,  increasing  the  force  of  the  ejection  cartridges  did 
sigttificantly  increase  the  shock  response  of  the  missile  at  frequencies  below 
800  Hz.  Tire  shock  response  of  the  missile  decreased  greatly  with  distance 
from  the  (n.i::t  of  impact.  For  example,  the  peak  acceleration  levels  at 
locations  only  10  inches  from  the  point  of  impact  were  less  than  20%,  on 
the  average,  of  the  levels  measured  at  the  point  of  impact. 
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INTRODUCTION 


The  dynumic  response  experienced  by  externally  carried  aircraft  stores  during  launch  ejection 
can  pose  a major  reliability  hazard  to  store  equipment  and  structure.  For  example,  the  Walleye  glide 
bomb  has  a history  of  guidance  problems  when  higli-force  cartridges  are  used  for  launch  ejection.  As 
a result,  restrictions  have  been  placed  on  the  cartridges  used  to  eject  the  Walleye  missiles.  Similar 
restrictions  have  been  placed  on  other  ejection-launched  stores.  It  follows  that  the  shock  environment 
induced  by  launch  ejection  is  of  considerable  interest  in  current  development  programs  of  aircraft- 
launched  weapons,  including  the  Harpoon  missile. 

Various  test  programs  have  been  performed  in  the  past  to  measure  the  shock  environment  for 
aircraft-launched  stores  during  ejection.  In  most  cases,  however,  data  were  collected  only  at 
frequencies  below  2.5  kHz.  There  have  been  two  recent  test  programs  involving  the  Antipersonnel' 
Antimaterial  (AFAM)  and  Mk  83  bombs  where  data  were  collected  at  frequencies  up  to  10  kHz.  In 
both  cases  the  dynamic  response  of  the  test  items  in  the  frequency  range  from  2.5  to  10  kHz  was 
substantially  greater  than  expected.  These  facts  motivated  an  extensive  launch  ejection  test  program 
on  the  Harpoon  missile  that  v/ould  provide  shock  response  data  at  frequencies  up  to  10  kHz.  This 
report  summarizes  the  results  of  that  test  program  and  is  believed  to  be  of  general  interest. 


TEST  CONFIGURATIONS  AND  PROCEDURES 

The  Harpoon  missile  (ACiM-84A)  is  an  antiship  missile  desifeiied  to  be  launched,  from  aircraft, 
surface  ships,  and  submarines.  The  air-launched  missile  configuration  is  shown  in  Figure  1.  The  missile 
has  a low-level  cruse  trajectory,  active  radar  guidance,  and  terminal  maneuvering  to  ensure  maximum 
weapon  effectiveness.  During  cruise  it  is  powered  by  a turbojet  sustainer  engine. 


TEST  MISSILE  CONFIGURATION 


Tue  missile  configuration  u.scd  for  the  tests  simulated  a prototype  vehicle  in  size,  weight,  and 
CG  The  total  weight  of  the  test  vehicle  was  1137  pounds  (516  kg),  with  a CG  located  at  missile 
station  83.6.  No  attempt  was  made  to  simulate  wire  bundles,  valves,  tubing,  and  other  plumbing 
components;  nor  was  secondary  structure  included,  except  wh're  it  was  required  to  mount  equipment 
packages.  These  items  contribute  very  little  masi;  and  stiffness,  and  hence  their  absence  should  not 
signiRcantly  inlluence  the  shock  resptinse.  All  major  equipment  items  were  included  in  the  test 
configuration.  .Some  of  the  major  components  were  structurally  and  mechanically  the  same  as  the  real 
equipment,  but  not  necessarily  a functional  device.  Other  major  items  were  simulated,  with  the  same 
mass,  t'G,  and  mounting  configuration  as  the  component  being  represented.  A description  of  each 
missile  section  and  equipment  item  included  in  the  test  vehicle  follows. 
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CONTROL 

ACTUATORS 


BOATTAIL 


WINGSPAN,  IN  (m) 36.0  (0.914) 

DIAMETER,  IN  (m)  13,5  (0.343) 

SHIPBOARD  LENGTH,  IN  (m) 180.0  (4.572) 

SHIPBOARD  WEIGHT,  LB  (kg) 1470.0  (666) 

AIR-LAUNCH  LENGTH,  IN  (m) 161.0  (3^35) 

AIR-LAUNCH  WEIGHT,  LB  (kg) 1150.0  (522) 


FIGURE  1.  Hwpoon  Missile. 


Guidancu  Section.  This  section  consisted  of  an  actual  radomc  structure,  battery,  and  midcoursc 
guidance  unit  (MGU),  and  a simulated  altimeter.  Tlie  seeker  was  a structural  and  mechanical 
representation  of  the  actual  seeker. 

Test  and  Evaluation  Section.  The  T&E  section  consisted  of  actual  structure  with  all  appropriate 
openings,  doors,  trays,  and  bulkheads,  and  simulated  components.  The  T&li  section  simulated  the 
weight  and  CG  of  the  warhead  section  .in  the  Harpoon  missile,  but  not  the  stiffne.ss.  Specifically,  the 
stiftness  ot  the  T&.E  section  was  in  excess  of  that  for  the  Harpoon  integrated  ordnance  section.  The 
two  proximity  fuzes  were  mass-simulated  installations. 

Sustainer  Section,  I This  section  was  composed  of  actual  structure.  The  fuel  tank  was  filled  with 
water  to  simulate  luel  weight.  A spent  real  prototype  engine  was  used;  it  was  mounted  to  a 
prototype  mounting  ring  and  associated  structure.  A number  of  components  that  are  normally 
mounted  on  the  engine  were  not  present.  Lead  ballast  was  attached  to  the  engine  to  obtain  the  total 
appropriate  weiglit  and  CG  location. 

Boattaii  Section,  litis  section  was  actual  structure  with  one  real  and  three  simulated  actuators, 
and  one  real  and  three  simulated  control  tins.  Tltc  outboard  location  of  each  control  fm  CG  from 
the  missile  mold  line  was  not  represented  in  the  simulated  fins. 
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DATA  TRANSDUCERS 

All  acceleration  nicasureincius  were  made  using  Endevco  Type  2292  and  2225  shock  accelero- 
meters in  conjunction  with  Endevco  Type  271 J,  2718,  and  2740  charge  amplifiers.  The  accelero- 
meters wore  mechanically  mounted  both  externally  and  internally  on  the  test  missiic,  as  shown  in 
Figures  2 ar’d  3 and  as  summarized  in  Table  1 . In  addition  to  the  accelerometers,  a pres-surc 
transducer  was  used  to  measure  ejector  rack  cylinder  pressure.  Breakwires  were  used  to  record  the 
time  of  rack  hook  release,  'lire  times  at  which  the  eject  >r  foot  impacted  and  separated  from  the 
missile  were  monitored  by  an  electrical  contact  strip. 


STATION  (24.Bm)  (1.16  m)  (2.14m)  (3.81m)  (4.09m) 


FIGURE  2.  Location  of  External  Accelerometers  for  Harpoon  lycetion  Tests. 


VS01 


FIGURE  3.  Location  of  Internal  Accelerometers  for  Harpoon  Ejection  Tests. 
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TABLE  1.  Summary  of  Transducer  Locations  for  Harpoon  Ejection  Tests. 
PS01  uiecl  pressure  lensot ; alt  othvis  used  acceleromete's 


No 

Location 

Direction 

■*n 

Station  no  and 
orientation,  deg 

Internal 

o» 

External 

Range 
(Zero  to 

peak  gt  1 

VS01 

Seeker  bulkhead 

Axial 

24.7 

Internal 

900 

VSQJ 

Seeker  bulkhead 

Lateral 

24.7 

Internal 

900 

VS03 

Seeker  bulkhead 

Vertical 

24  7 

Internal 

900 

VS04 

MGU  flight  control  ring 

Axial 

37  8 

Internal 

1000 

VS05 

MGU  flight  control  ring 

Lateral 

37.8 

Internal 

1000 

VS06 

MGU  flight  control  ring 

Vertical 

37  8 

Internal 

1000 

VS07 

Guidance  sect,  '.tructurn 

Axial 

37.8,0 

External 

1000 

VS08 

Guidance  sect,  structure 

Vortical 

37.8,0 

External 

1000 

VS09 

Guidance  sect,  structure 

Lateral 

37.8,0 

External 

1000 

VS10 

Proximity  fuze 

Axial 

78,90 

External 

5000 

VS11 

Proximity  fuze 

Lateral 

78,90 

External 

5000 

VS12 

Proximity  fuze 

Vertical 

78,90 

External 

fOOO 

VS13 

Forward  attach  lug 

Axial 

68,0 

External 

3000 

VS14 

Forward  attach  lug 

Lateral 

68,0 

External 

3000 

VS15 

Forward  attach  lug 

Vertical 

68,0 

External 

3000 

VS16 

Ejector  foot  impact 

Axial 

88,0 

External 

5000 

VS17 

Ejector  foot  impact 

Lateral 

88,0 

Externa! 

5000 

VS18 

Ejector  foot  impact 

Vertical 

88,0 

External 

5000 

VS19 

T&E  sect,  structure 

Lateral 

88,90 

Extrirnal 

6000 

VS20 

T&E  sect,  strticture 

Vertical 

88,180 

External 

6000 

VS21 

Aft  attach  lug 

Axial 

98,0 

External 

6000 

VS22 

Aft  attach  lug 

Vertical 

98,0 

External 

6000 

VS23 

Engine  sect,  structure 

Axial 

136,0 

External 

1000 

VS34 

Engine  sect,  sturcture 

Vertical 

136,0 

External 

1000 

VS2G 

Engine  sect,  structure 

Lateral 

136,90 

External 

1000 

VS26 

Engine  sect,  structure 

Axial 

138,0 

External 

1000 

VS27 

Engine  sect,  structure 

Vertical 

138,0 

External 

1000 

VS28 

Fuel  controller 

Vertical 

Sustainer  engine 

Internal 

1000 

VS29 

Control  fin  actuator 

Axial 

162.8,45 

External 

800 

VS30 

Control  fin  actuator 

Radial 

152,8,45 

External 

800 

PS01 

Rack  cylinder  pressure 

On  ejection  rack 

EJECTION  RACKS 

Two  dinorent  ejection  racks  were  used  tor  the  tests,  an  Aero-7A-l  rack  and  a MAU-‘)A/A  rack. 
Both  rack  assemblies  consist  of  the  following;  a dual  cartridge  breech  assembly,  a hook  assembly  a 
star  assembly  group,  and  a sway  brace  assembly.  Both  racks  accept  the  same  cartridge  combinations: 
one  Mk  2 Mod  0 and  one  Mk  I Mod  2 cartridge  (this  combination  is  hereafter  referred  to  as  the 
high-force  cartridges)  or  two  Mk  2 Mod  0 cartridges  (hereafter  referred  *.o  as  the  low-force  cartridges). 
Nominal  force-time  histories  for  the  two  cartridge  combinations  are  showit  in  Figure  4. 
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25  000 
nil  2001 


20  000 
(88  960) 


15  000 
166  720) 


. 10  000 
. 144  480) 


ACRO-  /A  WITH  high-force 
CARTRIDGES  (ONE  MK  2 
MOD  0 AND  ONE  MK  1 
MOD  2 CARTRIDGE) 

AERO-7A  WITH  LOW  FORCE 
CARTRIDGES  (TWO  MK  2 
MOO  0 CARTRIDGES) 

MAU-0  WITH  HIGH-FORCE 
CARTRIDGES  (ONE  MK  2 
MOD  0 AND  ONE  MK  1 
MOD  2 CARTRIDGE) 

MAU-9  WITH  LOW-FORCE 
CARTRIDGES  (TWO  MK  2 
MOD  0 CARTRIDGES) 


6000  // 

(22  240)  . 


10  20  30  40 


60  70 


TIME, 


ITGURE  4.  Nominal  Ejection  Force-Time  Histories  for  Aero-7A-l  and  MAU-9A/A  Ejection  Racics. 


TEST  FACILITY 


Tilt,  ejection  tests  were  cunductcd  at  the  Ground  Ejection  Test  Facility,  Pacific  Missile  Test 
Center,  P'’'nt  Mugu,  Calif.  The  missile  was  allowed  to  .‘'ree-fall  approximately  6 feet  (2  meters)  after 
ejectior  bc.'ore  being  arrested  by  restraining  rope.  All  of  the  signal  conditioning  equipment  was 
adjaco.it  *o  the  stand  and  hard-wired  to  the  missile.  The  data  were  recorded  in  a data  acquisition  van 
locaicd  adlacen*.  to  the  test  stand.  Figure  5 illustrates  the  test  setuj). 


TEST  PROCEDURE 


Tire  missile  was  installed  on  the  ejection  rack  to  simulate  an  actual  aircraft  installation.  The 
cartridges  were  installed,  the  rack  was  armed,  and  a firing  countdown  was  initiated.  The  tape 
recorders  were  turned  on  about  5 seconds  before  the  ejection.  After  each  ejection  the  missile  was 
inspected  for  damage  and  was  then  reinstalled  on  the  ejection  rack.  Tlie  restraining  ropes  were 
replaced,  the  instrumentation  was  again  checked  out,  precalibratcd,  etc,,  and  the  above  sequence  was 
rep.eated.  Ttie  first  three  tests  were  performed  primarily  for  equipment  checkout  and  calibration.  I'lie 
test  sequence  was  as  shown  in  Table  2. 
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EJECTION  RACK 


DATA  ACQUISITION  VAN 


7T^  I ^ 


SIGNAL 
CONDITIONING 
EQUIPMENT 


RESTRAINING  ROPE 


INSTRUMENTATION  WIRE 


MGuKr.  S.  Huipoon  Ejection  Tett  Stand  and  Setup. 


TABLE  2.  Test  Sequence  for  Harpoon  Ejection  Tests. 


Test 

Hack  used 

Elector  foot 

Ejector  foot 

Cartridges  | 

no. 

clearance 

instrumentation 

used  1 

i 

i« 

(V1AU-9A/A 

Normalf* 

Y«j 

Low-force  a 

20 

MAU-9A/A 

Normal 

No 

Low-force  I 

3“ 

MAU-9A/A 

Normal 

No 

Low-force  1 

4 

MAU-9A/A 

Normal 

Yes 

Lowfofco  4 

5 

MAU-9A/A 

Normal 

Yes 

Low-force  j 

6 

(klAU-9A/A 

1 /4  in.  (6.4  mm) 

Low-lorce  I 

7 

Aero-7A-1 

Normal 

Yes 

Low  tofce  i 

8 

Aero-7A-1 

Normal 

Yes 

Low-force 

9 

Aero-7A-1 

Normal‘S 

No 

Low-force  , 

10 

Aero-7A-1 

Normal 

No 

High-force 

11 

Aero-7A-1 

Normal 

No 

High-force 

1 

^Equipment  checkout  and  calibration  tests. 

f’Noimal  clearance  generally  less  than  1/16  in  (1  6 mm)  (first  delenll 
^A  repeat  of  Tests  7 and  8 with  the  ejector  loot  instrumontaiion  (electrical 
contact  stripl  removed. 


NWC  rP  5881 


AN  ALYSIS  PROCI.DURES 


Ihi'  jtccloi.iii'  I nicuMiroil  ut  various  locations  on  the  Harpoon  missile  auriiiB  the 

Miiiuljtckl  euvtioiis  veil'  evjinjied  in  toims  of  sit'iiilicant  transient  events  and  peak  aecelei.ition  levels. 
Ihc  .Kcelciaiioii  iiiv-'.'  lecoids  ucie  lediiced  to  respon;.*  (slux;k)  spectra  for  more  detailed  evuUiatioii 
usinp  an  SI)  idO  i'laly/ei.  Si'Kvtcd  records  were  also  reduced  to  energy  spectra.  (For  the  benefit  of 
those  leaders  who  mas  not  (k>  familia’  with  these  analysis  procedures,  a brief  review  and  discussion 
are  presented  in  .-Xiipendi.x  A.) 


EXPERIrV.ENTAL  RESULTS 


I he  basic  results  of  the  Harpoon  missile  ejection  test  consist  of  acceleration-time  histories,  peak, 
acceleration  values,  energy  spectra,  and  shock  spectra  at  the  various  measurement  locations.  Peripheral 
results  include  ineasureinents  of  the  ejection  rack  cylinder  pressure,  the  time  of  contact  and 
separ,ation  hetween  tlk  r.ick  elector  foot  and  ill’'  missile,  and  the  time  of  the  ruck  hook  release. 
l‘eitmoni  charas teiistics  oi  these  results  arc  suminari/ed  in  the  following  sections. 

ACCELERATION-TIME  HISTORIES  AND  RELATED  PARAMETERS 


Figure  <1  shows  a typical  time  history  of  an  acceleration  response  that  was  measured  on  the 
Hai|M(on  structure  near  the  point  of  the  ejecto-  foot  impact  during  a low-force  ejection  from  the 
MAUuA  A 'ack.  Note  tliat  the  history  displays  three  distinct  transient  events,  the  first  initiating  at 


about  2 ms,  the  second  at  about  5b  ms,  and  tlie  third  at  about  78  ms  after  cartridge  ignition.  The 
first  event  is  due  to  the  initial  impact  of  tlie  ejector  foot  on  the  missile,  llie  third  event  rellects  the 
linal  separation  of  the  missile  from  contact  with  the  ejector  foot. 

The  source  of  the  second  event  at  about  56  ms  is  uncertain,  but  it  appears  that  it  may  be 
related  to  a discontinuity  iii  the  ejection  rack  thrust,  or  perhaps  even  a momentary  .separation 
between  tlie  ejector  foot  and  the  mi.ssilc.  Tlie  event  is  present  in  the  histories  at  all  locutions  during 
all  ejections.  Il  occurs  at  about  47  ms  after  cartridge  ignition  during  ejections  from  the  Aero-7A-l 
rack  with  tlie  low-force  cartridges,  and  at  about  39  ms  with  the  high-force  cartridges.  The  vertical 
accelerali.avtime  history  for  the  latter  case  at  the  point  of  ejector  foot  impact  i;:  shown  in  Figure  7. 
Although  of  uncertain  origin,  this  event  between  the  initial  impact  and  final  separation  is  assumed  to 
be  physically  significant  and  hence  is  included  in  the  calculation  of  shock  and  energy  spectra. 

At  locations  more  widely  separated  from  the  point  of  ejector  foot  impact,  the  acceleration-time 
histories  are  m.ore  comple.x,  Figure  8 shows  the  vertical  acceleration  response  measured  on  the 
guidance  section  structure  during  the  same  ejection  that  produced  the  data  in  Figure  6.  Note  that  the 
same  three  events  seen  in  Figure  6 are  present  at  this  location  m:  well,  but  the  responses  have  lower 

peak  levels  and  arc  more  spread  in  time.  In  particular,  the  initial  transient  starting  at  about  2 ms 

appears  to  maintain  its  strength  up  to  about  15  ms,  and  then  build  up  again  between  20  and  25  ms, 
This  is  believed  to  represent  the  influence  of  flexural  waves  pn'pagating  from  the  point  of  impact 
down  the  missile  shell  at  their  group  velocity  (estimated  to  be  about  600  ft/s  (183  m/s)  at  the 

predominant  frequency  of  about  700  Hz).  For  example,  in  the  forward  section  of  the  missile  at 

about  700  Hz,  one  would  expect  a llcxural  wave  to  pass  the  guidance  measurement  location  at  about 
7 ms  after  impact,  and  rellecl  back  off  the  nos..-  past  this  same  position  at  about  15  ms  after  impact. 
This  is  reasonably  consistent  with  the  results  shown  in  Figure  8. 


FIGURE  7.  Aceeleratlon-Timc  History  at  Ejector  Foot  Location  (VS18)  During  Ejection  Test  11 
(Aero-7A-l  Rack  With  High-Forco  Cartridges). 
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I'lGURE  8.  Acceleratlon-Tbnc  History  at  Guidance  Section  Location  (VS08)  During  Ejection  Test  4 
(MAU-9A/A  Rack  With  Low-l'orcc  Cartridges). 


PEAK  ACCELERATION  RESULTS 


‘nu:  peak  values  of  llie  aeccloration-timo  histories  rceorded  at  the  various  measurement  loealions 
during  Tests  4 tlirougli  II  are  presented  in  Table  .1.  Note  llrat  llie  peak  acceleration  levels  vaiy 
dramatically  with  type  of  rack,  cartridge  combination,  and  structural  location.  In  general,  the  peak 
accelerations  diminish  rapidly  wi'h  distance  from  the  point  ol'  ejector  loot  impact,  as  will  be 
discussed  further  in  the  “livaluation  of  Results"  section. 


ENERGY  SPECTRA  RESULTS 

A typical  energy  spectrum  of  the  acceleration  response  is  presented  in  I'igure  9.  This  particular 
energy  spectrum  was  compuied  from  the  acceleration-time  history  shown  previously  in  Figure  7,  using 
only  that  segment  covering  the  separation  transient  from  .5.5  to  (>2  ms.  .Since  the  separation  Iransieni 
in  these  tests  approximates  a unit  step  input,  the  energy  spectrum  tit  any  locatioti  is  closely  i elated 
to  the  si|uare  of  the  frequency  response  function  of  the  tnissile  structure  between  that  loctition  and 
the  impac  location,  as  suggested  by  Equation  (A-5)  in  the  Appendix  A,  Hence  the  various  significatU 
peaks  in  the  energy  spectrum  shown  in  Figure  9 represent  important  normal  modes  of  the  missile 
structure.  For  example,  the.'e  is  a peak  at  about  1000  Hz,  which  probably  represents  a strongly 
excited  hoop  mode  of  the  missile  shell.  The  peak  at  about  .1000  Hz  undoubtedly  represents  another 
strongly  excited  hoop  resonance. 
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TABLE  3.  Peak  Acceleration  Levels  Measured  During  Harpoon  Ejection  Tests. 
Tests  4 through  9:  I.^M-force  cartridges.  Tests  10  and  1 1 : high-force  cartridges. 
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FIGURE  9.  Energy  Spectrum  at  Ejector  Foot  Location  (VS18)  For  Separation  Transient  During 
Ejection  Test  11  (Aero-7A-l  Rack  With  Hlgh-Force  Cartridges). 


SHOCK  SPECTRA  RESULTS 

A typical  sol  of  sliuck  spectra  for  the  acceleration  response  are  presenteil  i|,  Figures  10  and  II. 
The  two  spectra  in  Figure  It)  are  maxiniax  results  for  two  different  damping  ratios,  specifically, 
0=  10  a..d  Q=  100,  The  spectra  in  Figure  II  represents  the  positive  and  negative  shock  spectra  fur 
0=  100,  All  of  the  spectra  were  computed  from  the  acceleration-time  history  previously  presented  m 
Figure  7. 

In  Figure  10  it  is  seen  that  the  shock  spectra  levels  are  somewhat  higher  for  the  more  ligluly 
damped  ci’se,  as  would  be  expected.  In  both  cases.  Q=  10  and  Q = 100,  the  spectra  display  pcalw  at 
about  the  same  frequencies.  Furthc-more.  the  frequencies  of  these  significant  peaks  correspond  in 
many  cases  to  the  frequencies  of  peaks  previously  observed  in  the  energy  spectrum  shown  in 
Figured.  In  broad  terms,  however,  the  shock  spectrum  values  tend  tc  rise  and  the  energy  spectrum 
values  tend  to  fall  with  increasing  frequency  Ihis  observation  is  consistent  with  the  ••  isic  difference 
in  the  characteristics  of  shock  and  energy  spectra,  as  is  discussed  in  Appendix  A, 

In  Figure  11  it  is  seen  that  the  positive  and  negative  shock  spectra  of  the  transient  are  similar 
at  frequencies  above  000  Hz.  At  the  lower  frequencies,  however,  the  po.rltive  spectrum  levels 
sometimes  exceed  the  negative  U-els  by  a significant  amount,  'lliis  r.'llects  the  fact  that  the  basic 
transient  associated  with  the  rack  ejector  foot  striking  the  missile  is  in  the  positive  (downward) 
direction. 
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I'KiUKK  11,  Poiltiv«  and  Negative  Shock  Spectra  tor  Q«  100  at  Injector  Foot  Locution  (VS18)  During 
Fjuctlon  Test  11  iAero-7A-l  Kack  With  Htgh-Force  Curtrldges). 
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LVALL’ATION  OF  RESULTS 

Viiiiuus  ;is|K'cis  ol  the  sliiiek  spoelru  test  results  are  dI  mteiost.  incliKling  varialiuits  with 
repealed  ejeelions.  ejectoi  loi/t  iiistumicMtatitin,  I’oot  clearance,  rack  type,  cartridge  si/.e,  measureinem 
diavlion,  aiul  i.'easuieiiu'iu  locaii'in.  .Such  vaiiations  were  investigated  using  t!ie  shock  spectra  lesults 
and  ihe  peak  .icccleiaiiun  data  .-.immiaii/ed  in  Tabled.  To  p-tmi!  the  evaluations  to  he  performed  m 
an  elficani  m.iniu'i.  the  shock  spc.ua  ol  interest  were  first  converted  to  average  levels  in  contiguous 
l/d-octave  handwHlths  Uoth  the  .diock  spectra  values  and  tiic  peas  acceleration  values  were  also 
convened  to  ilH  referenc  'd  to  I g tdU  = 20  log  g).  lliis  was  done  so  a given  percentage  difference 
in  accelciution  values  would  he  weighicd  equally  in  the  statistical  studies,  independent  of  the  absolute 
acceleiation  vlu.s.  All  slalistical  evaluations  were  perfoinred  using  ihe  well-known  UCLA  biomedical 
statistical  data  analysis  computer  |)rograms. 

.N^iny  of  the  evaluations  involved  comparisons  of  different  cases  based  upon  average  shock 
■ poctia  vahios.  Ihese  average  spectra  were  compuied  separately  lot  eac'n  I /.< -octave  band  by  'veraging 
ovc'!  all  locali'U'.s  wheie  data  were  available  for  the  cases  being  compared  in  that  plot.  Due  to  the 
wide  dynamic  laiige  of  the  shock  spectra  data,  accurate  shock  spectra  values  were  not  always 
letrieved  at  all  locations,  particularly  in  the  frequency  range  below  lt)l)l)  H/,  .Since  this  problem  was 
most  coiniiion  at  those  locations  displaying  relatively  low  response  levels,  the  average  values  computed 
in  the  frequency  laiige  below  lOOt)  11/.  often  tended  to  be  biased  upwards.  However,  in  any  given 
figuie  to  follow,  the  same  locations  weie  used  lor  all  cases  of  interest  to  compute  the  average  values 
III  a given  1,.1-ociave  band,  and  hence  the  results  within  that  figure  are  directly  comparable, 

VARIATIONS  AMONG  REHEATED  EJECTION  TESTS 

Uelerriiig  back  lo  Table  2.  the  test  mis.sile  svus  ejected  ui  least  twice  from  each  of  the  three 
ejection  lack-caitiidge  conllgtirations.  The  rack  performance  from  one  lest  to  another  for  a given 
configuration  was  quite  consistent,  at  least  as  measured  by  the  chamber  pressure-time  histories  This 
fad  IS  demonstrated  in  Pigurel2.  which  shows  the  pre.ssure-time  histories  foi  Tests  4.  ,S.  and  b,  all 


l UiURI':  12.  Rack  Chamber  PrcMurc-Tlrnc  Histories  lor  Repeated  Ljcctlans  During  Tests 4,  5,  and  6 
(MAU-9A/A  Rack  With  Low-I-'otcc  Cartridges). 
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involving  ihe  MAU-9A/A  ruck  with  the  low-l'orce  cartridges.  Note  that  the  ejector  foot  clearuiu  e wa.s 
increased  for  lest  6,  which  prohahl>  explain.s  the  lc.ss  stable  result  i'or  this  test. 

The  peak  acceleration  values  measured  at  the  various  locations  during  repeated  ejections  under 
iilentical  conditions  are  also  in  close  agreement,  on  the  average,  as  demonstrated  in  Tabled.  In  both 
comparisons,  the  dilTcience  in  the  average  peak  acceleration  levels  is  not  suiTicient  to  be  consideted 
statistically  sigiiilicant  at  the  a - T >'  level  of  .signiiicance.  based  u|)on  a conventional  .Student  "t"  test 
oi'  dilierences. 

The  shosk  spectra  values  measured  at  specillc  locations  on  the  missile  sometimes  dilTer  bt'.-veen 
lepeated  tests  b>  up  to  2:1  (tidliiat  certain  Irequencies.  On  the  average,  however,  the  shock  spectra 
lor  repeated  tests  are  in  good  agreement  (within  anticipated  statistical  variations),  at  least  in  the 
lrei|iieiicy  range  below  4()()()  II/.  as  shoss'ii  in  l-igure  Id  At  lre(|iiencies  above  4000  11/ . discrepancies 
are  obseivcd  between  the  aveiage  shock  spectia  values  up  to  .T.sdB.  Ihese  discrepancies  are  sliglitiy 
outsiue  the  range  of  e.\pected  statistical  variations  and  may  represent  the  sensitivity  of  the  higli 
I'rerjiiency  response  of  ihe  missile  to  the  exact  manner  in  which  the  ejector  foot  initially  strikes  the 
missile  stiuctuie.  In  any  case  the  repeatability  of  the  test  results  is  considered  acceptable. 

TABLE  4.  Comparison  of  Average  Peak  Acceleration  Levels  for  Repeated  Ejection  Tests. 


Tost 

no. 

Ten 

contiy- 

uiation 

Avoraqe 
of  p«ak 
accelerations 
dB 

Average 

difference 

dB 

1 Standard 
i deviation, 
dB 

Sample 

lize 

Signilicani 
dilftrence  at 
1%  levril, 
dB 

4 

in 

33.46 

0.81 

1 76 

28 

0 91 

s 

1 

32.66 

6 

1 

37.10 

c 

. . 

c 

. . ^ 

to 

2b 

37  80  1 

1 

094 

3.61 

23 

2 05 

11  . 

2 

36.86 

aMAU-9A/A  fack  with  low-torce  cartndyei.  noimal  ejoclof  foot  clearance,  and  eiec- 
tor  foot  instrumental  ion 

f^Aero  /A-l  ruck  with  nigh-force  cartridges,  normal  elector  fool  clearance,  and  no  I 
ejector  foot  instrumentation 
eNot  analvzed. 

VARIATIONS  WITH  EJECTOR  FOOT  INSTRUMENTATION 

Some  of  the  ejection  tests  were  performed  with  an  electrical  contact  strip  mounted  tm  the 
missile  to  identify  the  times  of  foot-inis,silc  contact  and  separation.  For  Tests'),  10,  and  I'  this 
instrumentation  was  removed.  During  the  initial  checkout  tests  (1,  2,  and.1).  it  was  'Jetermined  by 
visual  inspection  of  acceleration-time  histories  that  the  ejector  foot  instrumentation  had  no  significant 
inlluence  on  the  resulting  mi.ssile  structural  response.  However,  the  peak  acceleration  data  for  Tests  7 
and  K versus  0,  which  were  identical  ejections  except  for  the  ejector  ftiot  instrumentation,  suggest 
that  the  electrical  contact  strip  might  have  caused  u slight  reduction  m Ihe  resulting  shock  loads,  at 
least  as  measured  by  peak  acceleration  levels  on  the  n ssile  structure.  The  average  of  the  peak 
acceleration  levels  measured  at  all  locations  during  Tests  7 and  K were  about  1.5  dB  lower,  on  the 
average,  than  the  peak  accelerations  recorded  during  Test  9.  This  constitutes  a statistically  .significant 
difference  at  the  IVT  level  of  significance  but  not  a major  difference  in  physical  terms.  Nevertheless, 
the  possibility  of  some  minor  inlluence  due  to  the  ejector  foot  instrumentation  should  be  kept  in 
mind  when  comparing  the  results  of  tests  performed  with  and  without  the  instrumentation. 
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VARIATIONS  WITH  EJECTOR  FOOT  CLEARANCE 

Of  the  iliice  ejection  tests  performed  with  the  MAU-9A/A  rack  using  the  low-force  cartridges 
(Tests  4,  5,  and  (i).  Test  (i  was  conducted  with  the  ejector  foot-missile  clearance  increased  to  1/4  inch 
((1.4  mni)  from  the  normal  l/l(>ineh  (1.6  mm)  or  less.  The  peak  acceleration  data  in  Tabled  indicate 
a significant  increase  in  levels  due  to  the  increised  clearance.  Specificaily,  the  average  of  the  peak 
accelerations  with  the  increased  clearance  is  37.1  dB,  as  compared  to  33.0  dB  with  normal  clearance. 
However,  most  of  this  increased  structural  response  with  increased  clearance  occurs  in  the  frequency 
range  above  XOO  IV.  as  illustrated  in  Figure  14.  which  presents  the  average  shock  spectra  of  the 
respo..  -e  accelerations  during  Tests  4 and  5 versus  Test  6 for  Q=I0  and  0=100.  Note  that  the 
shock  s leetruni  levels  for  the  increased  clearance  case  are  no  more  than  1.8  dB  higher  than  for  the 
noimal  clearance  case  at  frequencies  below  800  Hz.  Above  800  Hz.  however,  the  levels  for  the 
iiu  iavie'l  clearance  case  are  over  5dH  higher  at  some  freipiencies,  well  bey  md  the  limits  of 
aniiupiued  statistical  variations.  Tiierefore,  it  m .t  be  concluded  that  the  slmck  response  of  the 
misMie  structuie  at  frequencies  above  800  Hz.  is  dependent  upon  the  clearance  between  the  ejector 
foot  a ul  t,ie  missile.  ' 


VARIATIONS  WITH  Q FACTOR 

, .Shock  spectra  values  .or  any  given  transient  are  a function  of  the  damping  ratio;  a smaller 
damning  ratio  (larger  Q)  ,vill  produce  larger  shock  spectra  values.  This  dependence  on  Q for  the 
Harpoon  shock  data  is  illustrated  in  Figure  1 5,  which  presents  the  average  spectra  for  all  locations 
during  Tests  4 and  5 computed  for  Q=  10  and  0=100.  Note  that  there  is  no  significant  statistical 
enoi  in  the  indicated  differences  between  the  0=10  and  0=100  curves,  since  both  curves  were 
■omputed  from  identical  histories.  Figure  15  shows  that  the  shock  spectrum  valu's  for  Q=100 
e.xcc'd  the  values  for  Q=l()  Iry  less  than  1.5  dB  at  frequencies  below  about  800  Hz.  At  higher 
frctiuencies.  hosvever.  the  difference  increases  to  about  4.5  dB.  This  result  indicates  that  the  Harpoon 
stiik.  're  tends  to  "ring"  for  a longer  period  of  time  at  the  higher  frequencies;  i.c.,  the  structural 
response  to  the  ejection  shock  tends  to  decay  much  more  rapidly  at  the  lower  frequencies.  This 
reaction  is  generally  characteristic  of  the  response  of  liglitly  damped  structures  to  sharp  impact  loads. 


VARIATIONS  WITH  MEASUREMENT  DIRECTION 

I'iguie  l(i  shows  the  differences  in  the  average  shock  spectra  levels  for  Q=  100  along  the  (hree 
oilliogonal  a.ses  iluiing  lests4,  .‘i,  and  0.  These  results  indicate  that  the  sh.rck  spectrum  levels  at 
most  freipieiicies  .ne  lowest  in  the  a.xial  direction  and  higliest  in  the  vertical  direction,  us  would  be 
e.xpected  for  a cylindrical  structure  subjecied  to  a s'.ock  load  normal  to  its  axis.  However,  the 
diflerences  in  the  spectial  values  among  the  three  ort’iogonal  exes  are  not  dramatic,  particularly  at 
the  lower  frequencies.  For  example,  in  the  frequency  range  below  800  Hz,  the  differences  among  the 
ihiee  a.xes  arc  always  le.ss  than  3 dB,  as  compared  to  anticipated  statistical  variations  of  about  ±2dB 
lor  each  measurenieni. 


VARIATIONS  WITH  TYPE  OF  RACK 

The  average  shock  spectra  values  for  (J=10  for  ejections  from  the  MAU-9A/A  rack  with 
low  t.Hce  caitridges  and  similar  data  from  the  Aero-7A-l  ruck  arc  compared  in  Figure  17.  Note  that 
ihe  e.eiieral  shaires  of  the  average  shock  spectra  lor  the  two  cases  are  simila..  but  the  specti,  I values 
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ITGURE  14.  Shock  Spectra  Average  Over  Ail  Locations  for  Ejections  During  Tests  4,  5,  and  6 
(MAU-9A/A  Rack  Using  Low-Force  Cartridges  With  Normal  and  Increased  Ejector  Foot  Clearance). 
Average  levels  at  frequencies  below  1000  Hz  computed  over  those  locations  of  most  Intense 
response  only. 
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for  the  Aei'o-7A-l  rack  ejection  are  consistently  hielter  by  1 to  .1  clB  at  all  frequencies,  except  for 
the  lowest  bund  at  100  Hz.  Although  this  discrepancy  is  usually  within  the  range  of  anticipated 
statistical  variations  for  any  given  frequency  band,  the  consistency  of  tlie  discrepancy  over  all 

frequencies  suggests  that  the  shock  loads  were  actually  higher  by  a small  amount  (1,3  dB  on  the 

average)  for  the  Aero-7A  l ejection.  It  should  be  noted,  however,  that  the  MAU-dA/A  ejections 
(Tests  4 and  5)  were  performed  with  the  ejector  foot  instrumentation  installed,  whereas  the 

Aero-7A-l  ejection  was  performed  without  this  instrumentation.  A possible  explanation  for  the 

indicated  difference  in  levels  is  given  in  a later  section  called  "Comparisons  Based  Upon  Energy 
Spectra." 

On  the  other  hand,  the  peak  acceleration  data  in  Table  4 tend  to  support  the  conclusion  that 
the  shock  response  of  the  missile  during  ejection  from  the  Aero-7A-l  rack,  even  with  the  ejector  foot 
instrumentation,  was  somewhat  more  severe  than  during  ejection  from  the  MAU-9A/A  rack,  at  least 
in  the  region  of  the  ejector  foot  impact.  Furthermore,  the  nominal  force-time  histories  for  ejections 
from  the  two  racks,  as  shown  in  Figure  4,  indicate  that  the  peak  ejection  force  is  sliglitly  higlier  for 
the  Aero-7A-l  rack,  wluch  could  translate  into  slightly  higlier  shock  re.'-ponse  levels.  On  balance, 
however,  any  differences  that  may  exist  in  the  missile  shock  environment  due  to  ejections  from  the 
MAU-9A/A  versus  the  Aero-7A-l  rack  do  not  appear  to  be  sufficiently  great  to  warrant  separate 
consideration  of  the  two  racks. 


VARIATIONS  WITH  SIZE  OF  CARTRIDGES 

Figure  18  compares  the  average  shock  spectra  values  for  0=  10  for  an  ejection  from  the 
Aero-7A-l  rack  with  the  low-force  and  the  high-force  cartridges.  It  should  be  mentioned  that  the 
dynamic  range  of  the  analysis  for  the  measurements  was  quite  good,  and  hence  even  the  low 
frequency  values  represent  an  accurate  average  of  almost  all  the  30  measurements  made  on  the 
missile  structure. 

It  is  clear  from  Figure  18  that  the  missile  shock  response  is  more  severe  for  the  ejection  with 
the  high-force  cartridges,  particularly  in  the  frequency  range  below  800  Hz.  Tlie  average  shock 
spectrum  levels  are  consistently  about  4 dB  higlier  in  this  frequency  range  when  the  high-force 
cartridges  are  used.  Noting  that  the  nominal  ejection  force  with  the  higli-forcc  cartridges  is  about 
twice  as  great  as  for  the  low-force  cartridges,  one  might  have  expected  the  shock  response  levels  to 
have  doubled,  i.e,.  to  have  increased  by  6dB.  The  lack  of  a full  6-dB  increase  in  levels  with  the 
doubling  of  ejection  force  probably  reflects  the  influence  of  nonlinearities  in  the  respon.se  of  the 
missile  structure  to  intense  shuck  loads. 


VARIATIONS  WITH  STRUCTURAL  LOCATIONS 

The  30  mea  urements  of  the  missile  shock  response  during  the  various  ejection  tests  were  made 
at  10  specific  structural  locations  over  the  length  of  the  missile,  as  shown  in  Table  1 and  Figures  2 
and  3.  It  is  now  of  interest  to  evaluate  how  the  missile  shuck  response  varied  from  one  location  to 
another.  This  variation  is  illustrated  in  Figure  19  in  terms  of  peak  acceleration  levels  versus  the 
missile  station  number  for  the  locations.  Tlie  peak  acceleration  levels  averaged  over  the  available 
measurements  at  each  location  arc  shown  separately  for  the  three  basic  ejection  rack-cartridge 
configurations  tested. 

The  results  in  Figuic  19  clearly  demonstrate  that  the  missile  shock  response  diminishes  very 
rapidly  with  axial  distance  from  the  point  of  ejection,  as  would  be  expected.  For  example,  from  the 
point  of  ejector  foot  impact  to  the  proximity  fuze,  a distance  of  only  10  inches  (8.3  m),  the  peak 
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DIFFERENCE  IN  AVERAGE  VALUES: 
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100  160  260  400  630  1000  1600  2600  4000  6300  II 
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FIGURE  18.  Shock  Spectra  for  Q“10  Averaged  Over  All  Locations  for  Ejections  (Aero-7A-l  Rack 
Using  Low-  and  Hlgh-Force  Cartridge  Combinations). 


P'lGURE  19,  Peak  Accelerution  Response  Levels  Versus  Missile  Station  Number  for  Vurious  Ejection 
Rack  and  Cartridge  Combinations. 


acceleration  levels  during  ejections  I'rom  the  Aero-7A-l  ruck  drop  by  lbdl3  (a  ratio  of  over  6:1). 
From  the  ejector  toot  to  the  seeker  bulkhead,  the  drop  is  over  28dli  (a  ratio  of'  25:1),  In  other 
words,  the  seeker  section  at  station  25  secs  acceleration  peaks  that  are  only  4'/  as  great  as  those 
measured  at  station  88,  the  point  of  impact.  About  10  dB  of  this  reduction  occurs  over  the  last 
10  inches  (8.5  m)  between  t!ie  guidance  section  and  the  seeker  section. 

This  dramatic  variation  in  the  sliock  response  with  structural  location  is  illustrated  by  the  shock 
spectra  data  shown  in  Figures  20  and  21.  Here  the  shock  spectra  average  of  available  measurements 
at  each  location  are  shown  for  ejection  from  the  Aero-7A-l  rack  with  high-force  cartridges.  The 
shock  spectra  for  locations  at  station  88  (the  ejector  foot  and  T&F  section  structure)  far  exceed 
those  at  all  other  locations  and  frequencies.  The  .seeker  section  at  the  forward  end  of  the  missile 
displays  a uniquely  low  shock  response  spectrum  at  frequencies  above  200  H/.  The  .shock  spectra  at 
other  locations  scatter  between  these  two  extremes. 


COMPARISONS  TO  EQUIPMENT  DESIGN  CRITERIA 

The  environmental  design  criteria  for  the  Harpoon  missile  1 specify  that  the  missile  equipment 
should  withstand  u half-sine-wave  shock  load  with  a duration  of  0,5  ms  and  an  ami'liin  Je  of  585  to 
1 100  depending  upon  the  location  along  the  length  of  the  missile.  The  peak  acceleration  levrds 

I Naval  Air  .Systems  Command.  Environmental  Design  Criteria  for  the  ACM-S4A/RGM-S4A  Missile  (Harpoon. I 
Washington,  D.C..  1973.  (XAS-2381A.) 
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I'iCiURE  21.  Shock  Spectra  Tor  Q°  10  Averaged  Over  Three  Axes  at  Various  Locations  for  Ejection 
(Acro-7A-l  Rack  Using  HIgh-Forcc  Cartridges). 
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measured  during  the  lest  ejeetiuiis, as  summarized  in  Tabled,  arc  all  well  below  the  peak  accelerati  )n 
level  of  the  equipment  design  eiiierion  lor  eaeli  location.  However,  as  is  discussed  in  Appendi.x  A.  the 
peak  acceleratioirs  in  themselves  do  not  provide  u fully  derinitive  compari.son  between  dissimilar 
transient  acceleration-time  histories.  A comparison  based  upon  a frequency-dependent  parameter  is 
generally  more  meaningful.  .Such  equipment  comparisons  are  now  made  using  both  shock  and  energy 
spectra  for  the  ejection  from  the  Aero-7A-l  rack  u.sing  the  high-forcc  cartridges.  Biised  upon  the 
evaluations  of  the  oqiupment  comparisons,  this  case  generally  represents  the  most  severe  launch 
ejection  shock  condition  tested. 


COMPARISONS  BASED  UPON  SHOCK  SPECTRA 

In  Figures  22,  2.1  and  24  shock  spectra  for  the  equipment  design  criteria  are  compared  to  the 
measured  shock  spectra  of  the  missile  response  at  three  key  equipment  I 'cations.  In  these  figures  the 
measured  shock  sp''ctrum  shown  fur  each  location  represents  the  maximum  spectral  value  computed 
in  all  directions  at  that  location,  independently  for  each  l/3-oc*ave  frequency  band,  during  ejection 
from  the  Aero-7A-l  rack  with  the  high-force  cartridges. 

From  Figures  22,  23,  and  24  it  is  seen  that  the  ejection  .shock  response  of  the  Harpoon 
equipment,  as  measured  in  terms  of  a 0 = 10  shock  .spectrum,  falls  well  below  the  design 
requirements  at  all  locations  considered.  It  appears  reasonable  to  conclude  that  the  Harpoon 
equipment  design  criteria  for  ejection  shock  loads  arc  consen alive. 


126  200  316  600  800  1260  20U0  3150  5000  8000 


100  160  260  400  630  1000  1600  2600  4000  8300  10  000 

FREQUENCY.  Hz 

FIGURE  22.  Comparison  of  Q ••  10  Shock  Spectrum  Levels  and  Design  Criterion  fur  the  Midco'irsc 
Guidance  Unit. 
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COMPARISONS  BASED  UPON  ENERGY  SPECTRA 

I'iguro  J5  toinpari’s  ilie  i-'iiorgy  spcclnini  for  the  design  eiiieria  to  the  measured  energy 
speeiiuni  of  tlie  missile  response  at  the  seeker.  As  before,  the  measured  energy  spectrum  represents 
the  ina.ximum  spectral  value  computed  in  all  directions  at  that  location,  independently  fur  each 
l/.1-octavc  band,  duritig  ejection  from  the  Acro-7A-l  rack  with  higli-force  cartridges.  Since  the  energy 
spectra  for  both  the  design  criteria  and  actual  data  fall  off  to  insignilkatit  values  at  the  higher 
freciuencies,  results  are  showti  for  the  frequency  range  up  to  2500  H/  otily  llie  etiergy  spectra 
measured  at  this  location  displayed  considerable  scatter,  and  the  data  were  heavily  smoothed  to  arrive 
at  the  results  shown  in  Figure  25.  It  is  seen,  however,  that  the  energy  spectrum  of  the  shock 
response  measured  on  the  seeker  bulkliead  falls  surprisingly  close  to  the  de.sign  requirement  at  tiiost 
frequencies.  In  general,  the  design  requirement  appears  to  be  slightly  conservative. 

Comparing  the  results  in  Figure  25  to  those  previously  pvesetited  in  Figure  2.1.  it  is  seen  that 
the  energy  spectrum  levels  are  generally  higher  relative  to  the  equipment  design  criterion  than  the 
shock  spectrum  levels  at  the  same  equipment  location.  This  observation  points  out  a major  dericiency 
in  the  use  of  etiergy  spectra  for  muliiole  event  data  of  the  type  Involved  in  those  experimetits. 
Specifically,  the  missile  shock  respuuso-tiine  history  for  iny  given  ejection  includes  at  least  three 
distinct  transient  events  that  arc  rather  widely  separated  in  time,  as  previously  detailed  in  the 
"Acceleration-Time  Histories  and  Related  Parameters"  .section.  The  energy  spectrum  for  the  entire 
shock  response-time  history  includes  contributions  from  ail  of  these  individual  events.  Furthermore, 
the  repetitloti  of  distinct  events  with  a lelalively  wide  time  separation  causes  a strong  low  frequency 
contribution  to  appear  in  the  overall  energy  .spectrum  which  is  not  present  in  the  spectrum  of  each 
event  taken  alone  (see  Figure  y).  The.se  factors  are  not  as  inlluential  iti  a shock  spectrum,  assumitig  '■ 
reasonable  degree  of  dumping.  For  the  ca.se  of  10.  the  hypothetical  oscillators  producitig  the 
shock  spectrum  values  will  generally  decay  to  near  mo  response  between  the  separate  events,  at  least 
at  the  higher  frequeticies.  This  means  that  the  shuck  spectrum  tends  to  relied  primarily  the  most 
severe  of  the  individual  transietits.  which  probably  constitutes  a more  realistic  measure  of  damage 
potential  than  that  provided  by  the  etiergy  spectium. 
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lilt*  spccillc  conclusions  to  be  drawn  I'rom  Ihis  study  ol'  the  Harpoon  missile  response  to 
simulated  launch  ejection  shock  loads  may  be  summari/,cd  as  I'ollows. 

1.  The  response  of  the  missile  is  sensitive  to  the  clearance  between  the  ejector  foot  and  the 
missile.  S|)ccirically,  the  average  shock  spectra  of  the  acceleration  response  at  frequencies  above 
800  H/  were  up  to  6 dB  (l(X)'.^)  higl'er  when  the  clearance  was  increased  Irom  normal  (less  than 
I /I ()  inch  (l.binm)}  to  1,4  inch  (6.4  mm). 

2.  The  acceleration  response  shock  spectrum  levels  computed  for  0“  100  e.\ceed  those 
computed  for  0=10  by  about  1 dB  at  frequencies  below  8(X)  H/  and  about  4 dB  at  frequencies 
above  800  Hz. 

i.  Ihe  shuck  spectra  of  the  acceleration  responses  arc  generally  highest  along  the  vertical  axis 
of  the  missile  and  lowest  in  the  axial  direction.  However,  the  differences  among  the  three  orthogonal 
axes  are  not  significant  in  the  frequency  range  below  800  Hz.  At  the  higher  frequencies,  the  vertical 
response  is  up  to  4 dB  (b07o)  higlier  than  the  axial  response. 

4.  The  response  of  the  missile  is  about  the  same  for  ejections  from  the  MAU-dA/A  rack  and 
the  Aero-7A-l  rack  using  similar  cartridge  combinations. 

5.  The  response  of  the  missile  is  higher  when  ejection  cartridges  of  greater  force  are  used. 
When  the  nominal  force  of  the  ejection  cartridges  was  doubled,  the  average  shock  spectrum  of  the 
acceleration  responses  increased  by  about  4dB  (60%)  in  the  licquency  range  below  800  Hz,  At  the 
higher  frequencies,  the  shock  spectrum  levels  increased  by  less  than  2dB  i2S7v). 

6.  The  response  of  the  missile  falls  off  dramatically  with  distance  from  the  ejector  foot  impact 
location,  for  example,  the  peak  acceleration  levels  at  a location  only  10  inches  (8..1  m)  from  the 
ejector  foot  were  about  \()7c  of  those  measured  at  the  ejector  foot  location.  The  lowest  levels  were 
measured  in  the  .seeker  section  near  the  nose  of  the  missile,  where  the  jveak  acceleration  was  only  4% 
of  that  measured  at  the  ejector  foot.  In  terms  of  shock  spectra,  the  levels  in  the  seeker  section  were 
20  to  .10  dB  lower  than  at  the  ejector  foot  location,  indicating  that  the  ejection  shock  is  strongly 
attenuated  with  distance. 

7.  In  terms  of  .shock  spectrum  levels,  the  environmental  design  criteria  for  the  missile  ejection 
shock  loads  are  generally  conservative.  At  some  locations  the  design  criteria  exceed  the  measured 
response  levels  by  up  to  20  dB  (10:1). 

The  above  specific  conclusions  apply  rigorously  to  the  Harpoon  missile  only.  Yet  most  of  tlie 
conclusions  could  probably  be  applied  to  another  missile  of  similar  construction,  assuming  tliat 
differences  in  key  structural  parameters  arc  properly  taken  into  account  for  example,  the  Hexural 
hoop  mode  of  the  missile  shell  appears  to  constitute  an  important  parameter  in  establishing  the 
response  characteristics  of  the  missile  as  measured  by  a shock  spectrum.  Hence,  conclusions  1.  2.  .1 
and  6 might  be  assumed  in  the  preliminary  design  of  a new  missile  by  scaling  the  sliock  spectra 
frequencies  with  the  ratio  of  the  estimated  frequency  of  the  first  flexural  hoop  mode  of  Ihe  new 
missile,  relative  to  the  Harpoon  missile.  Tliis  scaling  can  generally  be  accomplished  using  the  simple 
parameter  t/R^  where  t is  the  mis.sile  .shell  thickness  and  K is  the  missile  radius. 
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Appendix  A 

REVIEW  OF  TECHNIQUES  K EV/  LUATINO  TRANSIENT  DATA 
BACKGROUND 

Sjtnpio  triinsicnls  iiivi)|vinj<  only  one  or  u few  osallulions  lluil  arc  hasically  UeteiinimsllL'  in 
diauclei  (that  is,  higlily  rcpolilioiis  m detail  Iroin  one  sample  leeoid  to  ilie  next  lor  a lepeated 
experiment)  can  sometimes  be  described  adetpiaiely  Tor  desired  applications  solely  in  leiiiis  of  a 
response-tmie  history,  or  sotne  pertinent  property  of  the  history'  such  as  a peak  value  and  dm.itioii. 
lor  these  cases  the  transient  can  often  be  approximated  by  some  classical  waveform  (lot  example,  an 
N wave  lor  sonic  booms)  which  can  then  be  used  to  evalaaie  the  response  of  any  stiiicitiie  ol 
interest,  or  to  snmilate  the  transient  for  testing  purposes. 

I'or  transients  that  ate  tnore  complex  o:  ..tochustic  it)  character,  a response-time  history  by 
itself  is  generally  of  only  limited  value.  Piupei.ies  of  a given  history,  such  as  the  peak  value  aiul 
duration,  may  vary  significantly  from  one  sample  record  to  the  next  for  a lepeated  expeiiment  and 
also  may  not  fully  defitie  the  dynamic  characteristics  of  the  transient.  Examples  here  include  many 
transients  origitialitig  from  ordtiaiice  cxplosiotis.  particularly  when  the  transients  lepiesenl  the 
respon.se  of  sotne  point  oti  a cotnplex  structure.  The  acceleration  response  data  tneasiiied  at  saiious 
poitils  oti  the  Harpoon  missile  structure  during  aircraft  ejection  fall  into  this  category.  In  such  cases 
it  Is  getietally  more  cotivenient  to  evaluate  the  transient  for  both  sliuclural  analysis  atni  siinulalion 
purposes  in  tetms  of  some  stalislically  pertinetii  spectral  parameter,  rather  that)  in  terms  of  diiect 
response-time  histories. 

The  classical  ratidom  noise  theory  provides  sevetui  techniques  that  are  applicahie  to  the  analysis 
of  general  nonslationary  stochastic  phenomena,  including  complex  mechanical  shocks.  In  pariiciilat. 
such  data  cun  be  analyxed  in  terms  of  eillier  a generali/cd  power  spectrum  or  an  instantaneous  powei 
spectrum,  if  an  ensemble  of  sample  records  from  repeated  trials  of  an  experiment  is  available fhe 
geiierali/.ed  power  spectral  density  function  provides  a spectral  description  in  a double  frequency 
plane;  the  instantaneous  prrwer  spectral  density  function  yields  a time-dependent  spectrum  fhe 
advantage  of  such  descriptions  is  that  they  provide  rigorous  analytical  input-output  relationships  foi 
sirucluial  analysis  proule.ns.  'Ilieir  principal  disadvantage  is  that  they  lequire  consideiable  data  liom 
repeated  trials  of  the  experiment  of  interest  that  can  be  voluminous,  and  the  resulting  speciia  are 
difficult  to  interpret  in  qualitative  terms. 

For  the  case  of  tiansients  that  have  a clearly  det'med  beginning  and  end.  an  overall  speciial 
description  for  the  entire  transietit  event,  as  opposed  to  a time-dependent  spectral  description,  is 
usually  satisfactory  frotn  the  applications  viewpoint,  and  much  easier  to  measure  atid  mterpiet.  I wo 
such  overall  spectral  descriptions  in  common  use  are  the  energy  spectrum  and  the  shock  response 
spectrum. 


ENERGY  SPECTRA 

( onsidor  a transient  time  history  record  x(r)  which  is  non/.ero  only  over  a Unite  titne  Interval 
t a S.1 0 ^ ^ Eor  the  problem  at  hand,  .v  ( r ) wtiuld  be  an  acceleration  measurement,  althmigli  it 
might  be  any  measurement  puramcicr  of  Interest.  This  history  can  be  transformed  into  the  frequeticy 
domain  via  its  F'ourier  transform  given  by 

^J.  ,S.  hendut,  and  A.  (i.  Plursul.  Random  Data:  Analysis  and  Mvasurcnwnt  Ih’inrdiirvs  New  York, 
Wiley-lntersdencc,  I97t.  Pp.  360-62. 
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(A-l  ) 
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so  long  us  ,v(M”0  except  for  1 1,<  t <t  * T.  Hie  real  part  ol'  iho  Fourier  iiansroriii.  X/^  ( f ). 
iloriiios  the  coineideitt  portion  of  the  Fourier  spectrum  while  the  imaginary  part.  XjiJ  ).  gives  the 
quuiiiulure  portion.  The  Fourier  iranst'orm  may  also  be  e.xpresscd  in  complex  polar  notation  by 


AVI^  1 A'l/I  1 e 

(A-2) 

|AT(/)|  » [A'^(.^)^  .V/  (/)]■" 

(A- 2a) 

d(/)Mait  ‘ [Xi(f)IX,^(j)] 

(A-2b) 

The  absolute  value  ol'  the  trunsl'orm,  \ X (J)\  yields  its  magnitude  uiu!  the  argument.  0 (/),  dcCincs 
an  u.ssociatcd  phase  angle. 

Tlie  Fourier  truitsl'orm  given  by  Equations  (AT)  and  (A-2)  provides  a convenient  and 
analytically  usel'ul  spectral  de.scription  of  a transient,  but  one  that  is  uniquely  related  to  the  e.xuct 
transient  history;  i.e,.  A'l/I  dcTines  one  and  only  one  x i t ).  Hence,  the  use  of  an  A*  ( /' ) computed 
from  the  history  produced  by  a single  trial  of  an  experiment  introduces  the  same  problems  associated 
with  the  use  of  x(l  ).  specillcally,  Xif}  will  vary  from  trial  to  trial  of  a given  experiment  if  the 
transient  is  stwhastic  in  character.  Ht'wevcr.  for  many  mechanical,  shock-type  transients,  the 
stochastic  character  of  the  transient  is  more  apparent  in  the  argument  of  the  Fourier  transform  than 
III  it.s  magnitude.  To  be  specillc.  if  an  experiment  producing  a stochastic  transient  history  is  repeated 
many  '.lines,  the  spectral  energy  of  the  resulting  histories,  as  given  by 

/: '^(/)  “ I XiJ')  I ^ = A-y^  /)  + Xj  (/)  ( A-.l ) 


will  often  be  ()uile  consistent  from  one  sample  record  to  the  next,  even  though  the  associated  phase 
factor,  0 ( / ),  might  vary  dramatically.  F'or  many  applications,  the  energy  spectrum  alone  will  provide 
aderpiale  information. 

The  energy  spectrum  /■,'(/)  for  a transient  is  analogous  to  the  power  spectrum  commonly  used 
to  describe  the  spectral  content  of  stationary  random  vibrations,  and  is  interpreted  and  applied  in  the 
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saiiK'  \v,i\  When  given  two  staiisiieally  indepeiulent  iransiciils.  .v  ( / ) ami  v ( t ).  their  energy  speetra 
are  additive,  i.e., 

/■;,,(/)  (A-4) 

Fuiilierinure,  if  y ( t ) if  the  response  to  an  excitation  x { t ).  then 


/;‘,,(.n=  |//(/)|  (A-5) 

where  //  ( / ) is  the  fre(|ueney  response  function  of  the  system  between  x { t ) and  y ( t ).  Tlte  energy 
spectrum  /:  I y ) is  computed  m the  same  way  as  the  power  spectrum,  e.xcept  that  a division  by  the 
analysis  time  T is  not  rerjuired  and  the  erroi  problems  are  sliglilly  different.  Hence,  conventionul 
power  spectrum  computational  procedures  and  analyzers  can  be  used  to  calculate  /;'(/)  with  only 
minor  changes  in  the  calibration  procedure 

I he  primary  advantage  of  the  energy  spectrum  as  a descriptor  of  mechanical  shock  environ- 
ments lies  in  the  implications  of  Ftiuations  ( A-4 ) and  (.■V.’sf  The  principal  disadvantage  is  that  the 
energy  spectrum,  like  the  power  spectrum  ol  a stationary  vibration,  does  not  yield  direci 
inierpreta'ions  of  the  damage  potential  of  the  transient.  Additional  information  and  analyiical  effort 
are  needed  to  translate  such  spectral  representations  into  a damage  potential.^  On  the  otiier  hand, 
ihe  eneigy  spectrum  does  provide  a convenient  criterion  foi  simulating  shocks  in  the  laboratory. 


SHOCK  RESPONSE  SPECTRA 

Unlike  the  eneigy  speclium.  which  evolves  basically  from  analytical  concepts,  the  shock 
response  spcctium  is  an  engineering  function  designed  to  describe  transient  events  in  terms 
directly  related  to  the  damaging  potential  of  such  events.  Hie  concept  trf  the  shock  spectrum  is 
thoroughly  developed  in  the  engineeritig  literature,  and  has  been  widely  applied  to  aerospace 
mechanical  shock  problems. Fuithermore.  it  is  commonly  used  as  a criterion  for  the  mechanical 
shock  testing  of  aerospace  hardware.  ^ 

III  general  terms,  the  shock  spectrum  cl  an  acceleration  transient  x{l)  ij  defined  as  the 
maximum  response  of  a damped  spring-mounted  mass  when  x{l ) is  applied  at  its  foundation.  The 
response  is  calculated  as  a hinction  of  the  natural  frequency  of  the  spring  mass  system.  The  resulting 
spectrum  of  peak  response  values  may  be  delinid  in  terms  of  any  response  parameter  of  interest.  In 
practice,  relative  displacement  (proportional  to  stress)  is  widely  used  to  describe  mechanical  shocks 
for  load-carrying  structures,  whereas  absolute  acceleration  is  more  common  for  equipmcni  packages. 
In  some  cases  the  shock  spectrum  is  presented  in  terms  of  psuedo-velocity  parameter,  which  i.s 
defined  as  2rr/i’^(/i,  where  SjiJ)  is  the  relative  displacement  shock  spectrum.  In  any  case,  the 
interpretation  of  the  shock  spectrum  is  as  follows:  Given  any  system  of  interest  that  behaves  like  a 


^S.  II.  ( randull,  and  W,  D.  Murk.  Random  VihratUm  in  Mechanical  Systems.  New  York,  Acudunlle  Press, 
1963.  P|),  103-25. 

4.S.  Rubin.  “Concepts  .Shuck  Dutu  Analysts,"  Shock  and  Vibration  Handbftok.  ed.  by  {'.  M.  Harris  and  C. 
i;.  ( rede.  New  York,  Mi<lraw  tlili,  1961.  Chap.  23. 

51)0D  Shuck  and  Vibration  Inforniatiun  Center.  Principles  and  Techniques  of  Shin-k  Data  Analysis,  l>y  R.  U. 
Kelly  and  (i.  Riehmun.  Washington.  D.C..  SVK!,  1969.  (SVM-5.)  Pp.  61-79. 

^(luddurd  Space  l•'llghl  Center.  General  Hnvironmentai  Test  Specifications  for  Spacecraft  and  Components. 
Bcltsville,  Md..  CiSFC,  1969,  (.S-320-Ct-l.) 
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linear  oseilla'.or,  the  shock  spoctnmr  directly  defines  tire  maximum  strain,  aocelerailon,  or  oilier 
failure-related  parameter  value  that  the  system  will  experience  when  subjecte  ’ to  the  shock, 
depending  only  upon  its  natural  frequency  and  damping. 

One  may  define  and  metisure  more  specific  types  of  shock  spectra  depending  upon  the 
application.  For  example,  the  maximum  response  of  the  hypothetical  spring  mass  system  in  tiie 
positive  and  negative  directions  may  be  separated  to  arrive  at  the  positive  shock  spectrum  and  the 
negative  shock  spectrum.  Furthermore,  tlv'  .iiaximuni  response  that  occurs  during  the  application  of 
the  input  transient  might  be  distinguished  from  the  maximum  response  after  the  input  tran.dent  has 
terminated.  The  frequency  plot  of  maximum  response  during  the  transient  is  called  the  primary  shock 
spectrum,  and  the  plot  of  maximum  response  after  the  transient  is  called  the  residual  shock 
spectrum.  The  plot  of  niaxinium  values  independent  of  their  direction  or  time  of  occurrence  is  ol'ten 
called  the  maximax  shock  spectrum. 

A key  parameter  in  any  type  of  shock  spectrum  presentation  is  the  damping  ratio  assumed  for 
the  hypothetical  spring  mass  system.  If  the  shock  spectrum  concept  is  to  be  meaningful,  this  damping 
ratio  obviously  should  be  similar  ro  the  actual  damping  of  the  physical  system  which  must  survive 
the  shock.  For  single  pulse  (nonoscillatory ) transients,  the  damping  ratio  does  not  have  a major 
impact  on  the  resulting  shock  spectrum.  Hosvcver.  for  oscillatory  transients,  the  damping  ratio  has  a 
profound  impact  on  the  resulting  spectrum. 

The  principal  advantage  of  the  shock  spectrum  lies  in  its  direct  interpretation  m terms  of  a 
failure  criterion.  It  also  provides  a convenient  criterion  for  simulating  shc.ks  in  the  laboratory.  Its 
disadvantages  are  associated  with  the  critical  assumptions  involved  in  its  application,  in  particular,  the 
assumption  that  the  system  of  interest  will  behave  as  a linear  spring  mass  system  with  a known 
damping  ratio.  For  the  case  of  transients  that  are  oscillato'’.v  in  character,  the  assumed  damping  ratio 
is  particularly  critical.  The  Harpoon  missile  ejection  shock  data  of  interest  in  this  study  are  of  the 
type  where  the  assumed  damping  ratio  signifieantly  intluences  the  resulting  shock  spectra 
calculations.  To  help  circumvent  this  problem,  the  shock  spectra  were  computed  using  two  damping 
ratios,  5%(Q=  10)  and  O.S%(Q=  100).  It  is  believed  that  these  two  damping  ratios  will  bound  the 
actual  damping  of  most  structural  members  and  components  of  the  missile. 

COMPARISONS  OF  ENERGY  AND  SHOCK  SPECTRA 

Energy  and  shock  spectra  evolve  from  I Hally  different  concepts  and  are  generally  interpreted  in 
different  ways.  However,  the  two  functions  do  have  one  direct  analytical  relationship.  Specifically, 
given  an  acceleration  time  history  .v  ( / ),  the  residual  shock  spectrum  of  acceleration  values 
computed  using  zero  damping  is  given  by 

SxV\=2nr[l-:jJ‘)'\'^‘  (A-b) 

where  /;'^,(  / ) is  the  energy  spectrum  of  Je  ( f ).“*  It  is  important  to  note  the  frequency  uependence  in 
Equation  (A-b);  i.e.,  shock  spectrum  values  increase  relative  to  the  energy  spectrum  values  as 
frequency  increases.  Although  this  relationship  is  rigorously  correct  only  for  undamped  residual  shock 
spectra,  there  is  a tendency  in  practice  for  damped  maximax  shock  spectra  to  display  a similar 
frequency  dependence,  'nie  reason  for  this  is  obvious  if  one  remembers  that  the  shock  spectrum  is 

related  to  the  response  of  a linear  oscillator  excited  by  the  transient.  The  half-power  point  bandwidth 

of  a linear  oscillator  with  hxed  damping  factor  Q is  approximately  proportional  to  its  natural 

frequency.  /^.  i.e.,  B=zj',jlQ.  Hence,  the  bandwidth  of  the  energy  that  the  oscillator  will  respond  to 

increases  with  frequency.  Given  an  acceleration  transient  with  rm  energy  spectrum  it  follows 

that  the  acceleration  shock  spectrum  S^if)  will  increase  relative  to  E^{f)  as  / increases. 
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